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Mammals balance X-linked gene dosage by silencing one X chromosome in
female cells, a process that begins with counting the number of X
chromosomes. Recent reports suggest homologous X chromosome pairing
may be a prerequisite for silencing, providing a basis for counting by ensuring
that silencing only occurs in cells with two X chromosomes.Morgan Royce-Tolland
and Barbara Panning
In order to balance X-linked gene
dosage between females (XX) and
males (XY), female eutherian
mammals randomly silence one
X chromosome in each cell [1].
X chromosome inactivation is a
multi-step process that includes
counting the number of X
chromosomes, differentially marking
or ‘choosing’ which will remain active
and which will be inactivated and
enacting this choice [2]. The
X-inactivation center (Xic) is required
for all steps of X-inactivation. Transient
pairing of homologous Xics in female
cells occurs after X-inactivation is
initiated, and sequences within the
Xic, called Tsix and Xite, are necessary
and sufficient for pairing [3,4]. In their
recent paper, Augui et al. [5] report
that another segment of the Xic, the
X-pairing region (Xpr), undergoes
transient pairing. A deletion that
disrupts pairing at the Tsix/Xite region,
but does not affect counting or
eliminate pairing of Xpr, suggests that
pairing of this new element may play
a role in counting.
How do cells sense how many
X chromosomes they have? Because
all X chromosomes except one are
silenced in cells with two or more X
chromosomes, it is thought that one X
chromosome per cell is designated to
remain active [6]. It is also possible that
a second activity, present only in cells
with more than one X chromosome,
is necessary for silencing to occur
[7,8]. Such a mechanism would limit
X-inactivation to female cells bymaking
silencing dependent on the presence
of multiple X chromosomes. Therefore,
several activities may be coordinated
to ensure that counting occurs
correctly, and only one X chromosome
is silenced in each XX cell.
A series of recent papers have
provided evidence for a female-
specific activity that may allow cells
to sense whether they have two or
more X chromosomes. These studiesemployed mouse embryonic stem
(ES) cells. When female ES cells are
induced to differentiate, X-inactivation
is initiated. In undifferentiated female
ES cells, the two Xpr loci are in close
proximity in a high proportion of cells
compared to other X-linked sequences
[5]. Xpr co-localization is also seen in
differentiating cells. Furthermore,
differentiating female cells also display
pairing of the two Tsix/Xite loci [3,4]. As
pairing can only occur in XX cells, it
provides an attractive mechanism for
restricting silencing to female cells.
Transgenes were used to identify
sequences that are sufficient to pair
(Figure 1). Multicopy arrays containing
Tsix/Xite co-localized with an
endogenous X chromosome in both
male and female cells [3,4]. Single-copy
Xpr transgenes were also able to pair
with either endogenous Xpr locus in
female cells [5]. Tsix/Xite and Xpr
transgenes in female cells disrupted
pairing of the corresponding
endogenous loci [3–5]. Analysis of the
effects of these transgenes on counting
is complicated by several factors:
integration site and copy number can
affect the activity of a transgene and
transgenes may not contain all of theelements necessary for normal
counting [9]. Therefore, while
transgenic analysis is useful for
identification of sequences that are
sufficient for pairing, it is less useful
for determining whether these
sequences are necessary for counting.
Deletion analysis in female cells
can be used to determine whether
sequences identified in transgenic
analysis as sufficient for pairing are
also necessary for counting (Figure 1).
A 65 kb deletion that removes Tsix/Xite
from one chromosome in female
cells causes a deficiency in Xic
co-localization at regions immediately
adjacent to Xist/Tsix [4]. Pairing of the
more distal Xpr is also perturbed: in
undifferentiated cells Xpr pairing is not
detected, while normal Xpr pairing is
seen during differentiation [5]. Despite
the inability to properly co-localize
their Xic’s, these cells are able to
correctly count their X chromosomes
as measured by the silencing of
exactly one X chromosome upon
differentiation [10]. Analysis of
a heterozygous Xpr deletion in female
cells could establish whether Xpr
pairing during differentiation is
necessary for counting.
In a mutant female line lacking both
copies of Tsix, Tsix/Xite pairing is
disrupted [3]. In this line, the
differentiating population includes
equal proportions of cells in which
one or both of their X chromosomes
are silenced. The fact that one or
both X chromosomes are inactivated
indicates that these cells areXpct Ftx Xist
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Figure 1. Xic transgenes and deletions that affect pairing.
Map of the Xic region (black). Genes above the line are transcribed to the right and genes
below the line are transcribed to the left. Transgenes that identify the minimal elements nec-
essary for pairing are indicated above the map. Sequences that pair are green, while those that
do not pair are pink. All transgenes are multicopy except that designated as a single copy
transgene (*). Deletions that disrupt pairing in female cells are indicated below the map. Purple
indicates a heterozygous deletion disrupts pairing, while blue indicates a homozygous dele-
tion is necessary to disrupt pairing. Each transgene and deletion is labeled with the name
used in the text and the original reference [#].
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R256competent for silencing. The cells with
two inactive X chromosomes may
reflect an inability to designate one X
chromosome to remain active. Augui
et al. [5] propose that Tsix/Xite pairing
may be required to reliably block
silencing on the active X chromosome.
However, cells with the 65 kb deletion
exhibit normal counting without Tsix/
Xite pairing, suggesting both Tsix/Xite
pairing and two copies of Tsix are
necessary to designate the active
X chromosome in a robust manner.
Knowing whether Xpr co-localization
occurs normally in homozygous Tsix
mutant cells may provide more insight
into why two mutations that disrupt
Tsix/Xite pairing have different
phenotypes.
Pairing of sequences in other
biological contexts may provide clues
to the mechanisms of Xic pairing.
During meiosis in the nematode
Caenorhabditis elegans, homologue
pairing is initiated at a specific site on
each chromosome pair, the pairing
center, and propagated along the
length of the chromosomes.
Pairing centers are recognized by
sequence-specific binding proteins
that bring the pairing centers together
[11]. Like pairing centers, the Tsix/Xite
region contains binding sites for
a sequence specific binding protein,
the chromatin insulator CTCF, and
CTCF is necessary for Tsix/Xite pairing
[12]. Perhaps, like pairing centers and
Tsix/Xite, Xpr contains sequence
elements that are recognized by factors
that promote co-localization. Xpr lies
within a region that displays unusually
high levels of histone modificationsCommunity Ecology
the Arctic Tundra?
The exploitation ecosystems hypothesis
increases along gradients of increasing
provide compelling new evidence for thi
Rebecca J. Morris
The role of trophic interactions in
structuring terrestrial communities has
been debated since Hairston et al. [1]
proposed their ‘green world’
hypothesis, stating that predators
prevent herbivores from becoming
abundant enough to destroy greenassociated with heterochromatin,
including Polycomb-mediated histone
methylation [13]. In flies, Polycomb
response elements on different
chromosomes can co-localize and this
co-localization is dependent on
Polycomb-group proteins [14]. It is
possible that female cells also take
advantage of Polycomb-group
proteins to promote co-localization
of Xpr sequences.
It is becoming increasingly apparent
that the three-dimensional organization
of sequences within the nucleus can
impact gene expression [15]. The
pairing of multiple elements at the
Xic suggests that nuclear organization
may also play a role in regulation of
X-inactivation. Nearly 50 years after
the discovery of X-inactivation, the
mechanisms that ensure silencing
occurs only in cells with two or more
X chromosomes remain elusive.
Understanding how pairing of Xic
elements occurs and what function it
serves may finally provide mechanistic
insights into the initial steps of
X-inactivation.
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populations. The exploitation
ecosystems hypothesis has now been
debated for over 25 years, and more
recently alternative hypotheses have
been put forward [5,6]. A recent study
by Aunapuu et al. [7] has provided
robust new experimental data
supporting the exploitation
ecosystems hypothesis.
The exploitation ecosystems
hypothesis proposes that, in
productive terrestrial ecosystems,
primary production is high enough
to support three trophic levels: plants,
herbivores and predators. Predators
depress herbivore populations,
releasing plants from herbivore
